Abstract-This paper proposes and demonstrates the extraction of MOSFET threshold voltage, source-drain resistance, gate field mobility reduction factor, and transistor gain factor from the measurement of the small-signal source-drain conductance of a transistor as a function of dc gate bias with zero dc drain bias. The theory is based on the analytical model that includes the effects of source-drain resistance and gate-induced mobility reduction. It is shown that, by measuring devices of different drawn gate lengths, effective channel lengths and actual mobility can also be extracted. The results obtained are compared with those obtained by other measurement methods.
I. INTRODUCTION
T HRESHOLD voltage, inversion layer carrier mobility, source and drain series resistance, together with device dimensions, form the major parameters of the SPICE-based submicrometer MOSFET circuit model used in the circuit simulation of MOS integrated circuits. The MOSFET circuit model itself is developed from the analytical model for the drain current (as a function of gate and drain bias) based on the well-known gradual channel analysis of the inversion layer conduction [1] . These SPICE parameters are extracted from different measurements based on the circuit model. The most common measured quantity used for parameter extraction is the dc drain current [2] ; more recently, small-signal interelectrode capacitance measurements are also used [3] , [4] . Each measurement technique has its advantages and limitations; some are aimed at determination of a single parameter, while others yield a number of parameters simultaneously. Simplicity of measurement and parameter extraction, adaptability to changes in technology, and applicability of the extracted parameters (in terms of variation in device dimensions and bias voltage range) are factors affecting the choice of measurement techniques in practice.
In this paper, we describe a novel and simple method for accurate extraction of threshold voltage , gain factor , gate bias mobility lowering factor , and source/drain series resistance of a MOSFET from a single measurement of the smallsignal ac drain-source conductance , as a function of dc gate bias. As with other SPICE parameter extraction measurements, it is derived from the standard gradual channel theory analysis for used in SPICE. The measurement uses only a small ( 10 mV rms) ac signal applied to the drain. With zero dc drain bias, effects such as channel length modulation, drain-induced barrier lowering (DIBL), and carrier velocity saturation on the above four parameters are eliminated.
By carrying out the same measurement for devices with different drawn gate lengths, the method also allows the extraction of the effective channel lengths of the devices and the effective inversion layer mobility.
II. THEORY OF PROPOSED PARAMETER EXTRACTION
The intrinsic small-signal conductance between source and drain of a MOSFET can be derived directly from the dc drain current equation based on gradual channel approximation (1) where gate oxide capacitance per unit area; low field effective inversion layer mobility; effective channel width; effective channel length. In the measurement described below, zero drain bias is used, i.e.,
. This gives the intrinsic as In actual measurement, the source-drain resistance , being in series with the channel resistance, is included in the smallsignal conductance measured between source and drain. Hence, the measured small-signal conductance is
In SPICE-based modeling, low field inversion mobility is most commonly modeled as being dependent on according to the functional form [5] (4) where is the zero gate field mobility and is the gate-field mobility reduction factor. When the gate-field dependent expression for is introduced into the small-signal conductance equation, we get (5) where When is measured as function of , the results can theoretically be used as the target function to extract the values of the parameters , , , and simultaneously by parameter optimization to fit (5) to the experimental data. Rather than doing this, we make use of the fact that the function is a linear function in in which the two parameters and are eliminated (6) This allows for the use of simple straight-line fit to the numerically derived experimental quantity to extract and for a given device. The proposed procedure for the extraction of from experimental data is simpler than other existing methods such as those in [2] and [6] , essentially due to the avoidance of the use, and hence also the influence of, dc drain bias. After having determined and , the two remaining parameters and are extracted by optimization to fit (5) to the measured data . By carrying out the above measurement and extraction procedure for devices with different drawn gate lengths s, fabricated by the same technology, we obtain the experimental data as a function of . Adopting the standard relationship between drawn length and effective length of [7] , where taken as a constant, we get (7) The preceeding equation is the basis of the method [8] : is plotted against for the determination of and (using known values for and ) from the -axis intercept and slope, respectively, of the best-fit straight line for the experimental data.
III. MEASUREMENT
Small-signal conductance can be measured directly using an LCR meter. Fig. 1(a) shows the schematic diagram of the measurement circuit. The HP4284 LCR meter applies a test signal of 10 mV rms at 1 MHz at the drain and the signal current is sensed at the grounded source. Voltage sources of a HP 4145A parameter analyzer are used to provide the necessary gate and substrate bias. Fig. 1(b) shows the small-signal equivalent circuit of the measurement. With dc bias set at zero, there is no drain current and hence no dc voltage drop across the source and drain resistances and . Devices under test are LDD n-channel MOSFETs with drawn length ranging from 0.4 to 20 m, oxide thickness of 10 nm, and of 20 m. The experimental is used to extract parameters according to the theory described above.
Chern's method [7] for the extraction of and requires the measurement of the resistance between source and drain as a function of for a number of devices with different drawn lengths. Other than the fact that is typically derived from dc measurement, it is the reciprocal of the small-signal quantity we measured. Thus, the same set of data can be processed by Chern's method to extract and for comparison with the values extracted by the proposed method. The only difference is that in Chern's method, a single is extracted from a set of measured drain-source resistances for devices with different drawn gate lengths, whereas in the proposed method, one value of is extracted for each device measured. The extracted by the proposed method for each device is used in Chern's method. For comparison purposes, s are also extracted from dc measurement by the linear extrapolation method [2] . Fig. 2 shows the experimental as a function of for to 20 m. Fig. 3 shows versus derived from Fig. 2 with calculated using central finite difference. According to (6), the -axis intercept and slope of the best straight line fit of the data for each device in Fig. 3 yield the and , respectively, for that device. The extracted s as a function of is shown in Fig. 4 . The 95%-confidence intervals of obtained by standard linear regression analysis are shown as error bars in the figure. For all drawn lengths the spread is within 3% of the extracted value. In the same figure, we also show extracted from measurement by the linear extrapolation method [2] . The difference is less than 50 mV.
IV. RESULTS AND DISCUSSION
Next, we proceeded to extract the values of and for each device by fitting (5) into the corresponding data in Fig. 2 . The " by linear extrapolation method [2] and "" by present method.
Error bars show the 95%-confidence intervals of V by the present method. and are independent of gate length. This is seen to be the case for results obtained by independent parameter optimization on data measured on devices with different . As indicated in the Section II, is next plotted against to extract and and hence also . This is shown in Fig. 5 , giving m and cm V s Table I . It is seen that both parameters are in good agreement with the corresponding values determined by the present method.
Inversion layer mobility for MOSFET as a function of gate bias is usually extracted directly from the intrinsic channel conductance [2] . The inset in Fig. 7 shows the for the 0.8-m device obtained from data by the equation: . Using extracted , , , and the assumed values for and , we obtained from (2) . This is shown as points in Fig. 7 . It shows the typical dropping off of with reducing just above threshold observed in measurement using (2) . This is attributed to the failure near of the assumption that inversion layer charge [2] . The extracted and should also yield mobility through (4). The full line in Fig. 7 shows the calculated obtained for the range of where the experimental are used in our extraction process. Since the difference between the two sets of is within 2% for this range of , the dotted line which is the extrapolation (4) should be a good prediction of the actual mobility down to . Extraction methods based on dc measurement requires the application a small dc drain bias , typically 50 mV-100 mV. This bias leads to nonuniformity of the inversion layer along the channel as well as other longitudinal field-induced effects such as mobility reduction, channel length modulation and DIBL. By measuring small-signal with dc drain offset we can monitor these effects in devices with different channel lengths. We extracted the intrinsic as a function of offset between 0 and 200 mV for and m when the devices are in the linear region of operation. Due to the presence of dc drain current, the effective or the intrinsic dc and are less than the applied biases. We account for this by monitoring the drain current and subtracting the ohmic drops across the source and drain resistances. Also due to the ac negative feedback (see inset of Fig. 8 for equivalent circuit) of the source resistance, the intrinsic has to be extracted from the measured quantity by (8) where is the transconductance at the given intrinsic bias and is obtained by (9) Points in Fig. 8 show the intrinsic against intrinsic for the two devices at intrinsic V extracted from according to (8) . Based on the gradual channel model for device in the linear region of operation, at nonzero is (10)
It accounts for the gate bias-induced mobility reduction but not drain bias effects. Since and are known for each device, we can calculate the expected . This is shown as dotted lines in Fig. 8 for the two devices. It is clear that for the shorter device even for the drain bias of 200 mV, the experimental is significantly lower than the calculated value at the same bias. For the longer channel device there is no observable difference between experimental and calculated data. The observed reduction for short device is clearly due to those drain bias-induced effects referred to above but not modeled in (10). This indicates that small-signal can be used to determine those SPICE parameters used to model drain bias-induced effects before and after saturation. This is currently being investigated.
V. CONCLUSION
We have proposed and demonstrated a new and yet simple method for the simultaneous extraction of the threshold voltage, gain factor, gate bias mobility lowering factor, and source/drain series resistance from the measurement of small-signal sourcedrain conductance of a single MOSFET. When the measurement is carried out for devices with different drawn lengths, it is possible to extract the effective channel lengths and the inversion layer mobility. Results obtained by this extraction procedure compare well with those determined by existing measurement methods. The main advantage of the method is the simplicity and accuracy of the measurement as well as the number of parameters that can be extracted from a single measurement.
By using small ac signal and avoiding any dc drain bias, the measurement method has eliminated the influence of drain bias on the extraction of these parameters that model gate field effects. The method should be applicable to sub-0.1-m devices where the channel electrical properties are more sensitive to the presence of any drain bias. The method should also be directly applicable to SOI MOSFETs as the measurement deals only with the inversion layer independent of the presence or absence of electrical contact to the substrate layer.
We have also demonstrated that small-signal source-drain conductance is sensitive to the effects of small changes in dc drain bias and therefore would be a good candidate for use to extract SPICE parameters modeling the effects of drain bias.
